We present spatially resolved ALMA observations of the CO J = 3 − 2 emission line in two massive galaxies at z = 2.5 on the star-forming main sequence. Both galaxies have compact dusty star-forming cores with effective radii of R e = 1.3±0.1 kpc and R e = 1.2±0.1 kpc in the 870 µm continuum emission. The spatial extent of star-forming molecular gas is also compact with R e = 1.9 ± 0.4 kpc and R e = 2.3 ± 0.4 kpc, but more extended than the dust emission. Interpreting the observed position-velocity diagrams with dynamical models, we find the starburst cores to be rotation-dominated with the ratio of the maximum rotation velocity to the local velocity dispersion of v max /σ 0 = 7.0 . Given that the descendants of these massive galaxies in the local universe are likely ellipticals with v/σ nearly an order of magnitude lower, the rapidly rotating galaxies would lose significant net angular momentum in the intervening time. The comparisons among dynamical, stellar, gas, and dust mass suggest that the starburst COto-H 2 conversion factor of α CO = 0.8 M ⊙ (K km s −1 pc −2 ) −1 is appropriate in the spatially resolved cores. The dense cores are likely to be formed in extreme environments similar to the central regions of local ultraluminous infrared galaxies. Our work also demonstrates that a combination of mediumresolution CO and high-resolution dust continuum observations is a powerful tool for characterizing the dynamical state of molecular gas in distant galaxies.
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INTRODUCTION
Massive quiescent galaxies often have dense cores (Fang et al. 2013; van Dokkum et al. 2014) while the morphology of star-forming galaxies is typically dominated by exponential disks rather than central bulges (e.g., Wuyts et al. 2011a) . Massive star-forming galaxies are expected to transform their morphology from disk-dominated to bulge-dominated. Understanding the formation history of the bulge component is a critical step toward revealing the origin of the Hubble sequence. At the peak epoch of galaxy formation (z ∼ 2), the most massive, log(M * /M ⊙ ) > 11, star-forming galaxies still have extended disks, but are rapidly building up their central cores through dusty, compact starbursts (Tadaki et al. 2017; Barro et al. 2016) . Bulge formation in a short period of <1 Gyr at z ∼ 2 is also corroborated by observations of old stellar populations and enhanced [α/Fe] ratios in massive quiescent galaxies at z ∼ 1 (e.g., Belli et al. 2015; Onodera et al. 2015) . All these findings suggest that central cores of massive galaxies have a different formation history than outer disks. The next step is to characterize the kinematics of these dense cores in the process of formation, which will shed light on their formation mechanisms and subsequent evolution.
At high-redshift, the kinematics of dusty star-forming cores in massive galaxies are difficult to study. While Hα studies with near-infrared spectrographs have made significant progress in understanding the kinematics of core formation (e.g., Nelson et al. 2014; Barro et al. 2014; E. Wisnioski et al. 2017, in preparation) , the Hα line is not an ideal tool for investigating the kinematics of forming cores because of dust attenuation. Multi-wavelength high-resolution imaging and emission line maps reveal that the central regions in massive high-redshift galaxies are often strongly attenuated by dust (Tacchella et al. 2017; Nelson et al. 2016) . CO line observations provide a more robust means of obtaining kinematic information for dusty objects, as well as the molecular gas properties (e.g., Tacconi et al. 2008; Ivison et al. 2013) .
In local ultraluminous infrared galaxies (ULIRGs), molecular gas is concentrated into rotating nuclear disks or rings (e.g., Downes & Solomon 1998) . Moreover, the physical condition of the gas is totally different from that in normal star-forming galaxies. In normal star-forming regions, CO emission mainly comes from an ensemble of self-gravitating molecular clouds. Although the CO line is typically optically thick in each virialized molecular cloud, it is possible to count the number of clouds and estimate the total molecular gas mass. We use the CO-to-H 2 conversion factor of
−1 including a correction for Helium since it is calibrated by virial mass measurements, optically thin dust emission and γ-ray observations in the Milky-Way disk (see review in Bolatto et al. 2013) .
A CO-based gas mass with the Galactic conversion factor, however, often equals or exceeds a dynamical mass in local ULIRGs and SMGs, which could imply a smaller conversion factor (e.g., Downes & Solomon 1998; Tacconi et al. 2008 ). This variation of α CO could be caused by a high star formation rate (SFR) surface density in extreme environments. The intense UV radiation heats the nearby dust and the gas temperature increases through efficient energy exchange with hot dust (Narayanan et al. 2012) . Then, the CO surface brightness increases more rapidly than the gas mass surface density.
In this letter, we report results from CO J = 3 − 2 observations of two massive galaxies at z = 2.5 using Atacama Large Millimeter/submillimeter Array (ALMA) to study the spatial distribution and the kinematics of molecular gas in the starburst cores. We assume a Chabrier initial mass function (IMF; Chabrier 2003) and adopt cosmological parameters of H 0 =70 km s
and Ω Λ =0.7.
OBSERVATIONS
We focus on the most massive star-forming galaxies with log(M * /M ⊙ ) > 11 since this mass range is important for formation of dense cores (e.g., Tadaki et al. 2017 ). We select two galaxies at z = 2.53 (U4-16795 and U4-16504) from Subaru narrow-band imaging in the SXDF field (Tadaki et al. 2013 ). The narrow-band based redshift has uncertainties of ∆z ± 0.02. The two galaxies are located within the primary beam of ALMA Band-3 receivers (a beam width at half power of ∼ 1 ′ ) as the projected separation is 9. ′′ 7. Both galaxies have a compact dusty star-forming core, which is probed by 870 µm dust continuum emission (Tadaki et al. 2017) . We compute the stellar mass using the FAST spectral energy distribution fitting code (Kriek et al. 2009 ) and the 3D-HST multi-wavelength photometric catalog (Skelton et al. 2014) using the stellar population synthesis models of Bruzual & Charlot (2003) , exponentially declining star formation histories, and dust attenuation law of Calzetti et al. (2000) . The total stellar mass is log(M * /M ⊙ ) = 11.26 ± 0.15 for U4-16795 and log(M * /M ⊙ ) = 11.25 ± 0.15 for U4-16504. In deep HAWK-I/K s -band maps (Fontana et al. 2014 ), 81% and 71% of the total fluxes come from the central 1.
′′ 5 aperture region for U4-16795 and U4-16504, respectively. We take into account these factors when comparing the stellar mass with other masses (Section 4.2).
U4-16795 is detected in a deep Herschel-PACS 160 µm map from archival data (see Lutz et al. 2011 for the methodology) and U4-16504 is detected in a deep Spitzer-MIPS 24 µm map (PI: J. Dunlop). Following the recipes of Wuyts et al. (2011b) , we derive SFRs of log(SFR/M ⊙ yr −1 ) = 2.62 ± 0.1 for U4-16795 and log(SFR/M ⊙ yr −1 ) = 2.37 ± 0.25 for U4-16504 from a combination of the rest-frame 2800Å and infrared luminosities. The targets are located on the massive end of the star-forming main sequence at z ∼ 2 (e.g., Speagle et al. 2014) .
We observe the CO J = 3 − 2 emission line (ν rest = 345.796 GHz) of the two massive galaxies with ALMA Band-3 receivers covering the frequency range of 95-99 and 107-111 GHz. The calibration is processed through the Common Astronomy Software Application package (CASA; McMullin et al. 2007 ). We use the tclean task with natural weighting to make a channel map with a velocity width of 50 km s −1 and dirty continuum maps excluding the frequency range of the CO line. The synthesized beamsize is 0.
′′ 66×0. ′′ 55. The rms levels are 147 µJy beam −1 in the channel map and 8.1 µJy beam −1 in the continuum map.
RESULTS AND ANALYSIS
We robustly detect CO J = 3 − 2 emission in both galaxies as seen in the spatially-averaged spectra within a 1.
′′ 5 aperture ( Figure 1 ). We measure total fluxes within a 1.
′′ 5 aperture in the velocity-integrated maps to derive the CO line luminosities (Table 1 ). Both galaxies show a spatial offset between the blue-and red-shifted CO components with a velocity width of 150 km s −1 ( Figure  1 ). The two central positions determine the kinematic major axis of the molecular gas disks. We also derive line-of-sight velocities by fitting a Gaussian function to the CO line spectrum in each spatial pixel. The velocity field maps show a monotonic gradient along the kinematic major axis (Figure1), suggesting rotation of the molecular gas. In this section, we construct the dynamical model of the dusty star-forming cores through the following three steps: (1) determining a minor-to-major axis ratio (q = b/a) of the 870 µm continuum emission, (2) measuring an effective radius (R e ) of the CO line emission, and (3) exploring the best-fit dynamical model.
′′ 2-resolution 870 µm continuum maps are available for both galaxies (Tadaki et al. 2017) . In SMGs at highredshift, the dust emission is well described by an elliptical exponential disk (Hodge et al. 2016 ). We derive effective radii, R e , along the major axis of the 870 µm continuum emission assuming an inclined disk with an exponential profile while Tadaki et al. (2017) have adopted circular disk models (q = 1). We use the UVMULTIFIT tool to fit the visibility amplitudes to models in the u − v plane (Martí-Vidal et al. 2014) . For U4-16795, the bestfit values and fitting errors are R e = 1.3 ± 0.1 kpc, q = 0.49 ± 0.07 and position angle of PA mor =35
• ± 5
• . Note that the morphological major axis of the 870 µm continuum emission is well aligned with the kinematics major axis of the CO line emission (|PA mor -PA kin | = 8
• ), supporting ordered rotation (Wisnioski et al. 2015) . We also perform the visibility fitting for U4-16504 with an elliptical disk, but could not obtain meaningful constraints on the axis ratio. Circular disk models give an effective radius of R e = 1.2 ± 0.1 kpc.
3.2. Spatial extent of molecular gas Next, we derive effective radii of the CO line emission using the axis ratio of the dust emission. We fix -Two massive galaxies at z = 2.5 detected in the CO J = 3 − 2 line. From left to right: spatially-averaged CO spectra; threecolor images with HST/F125W-, F160W-, and ALMA/870 µm-band (2. ′′ 5×2. ′′ 5), monochromatic images at F160W-, and 870 µm-band with blue and red contours displaying blue-and red-shifted CO components with a velocity width of 150 km s −1 ; CO velocity field with white contours indicating the velocity-integrated CO fluxes. The contours are plotted every 3σ. Green and white dashed lines indicate the morphological major axis of 870 µm continuum emission and the kinematic major axis of CO, respectively.
TABLE 1
Galaxy properties for two massive star-forming galaxies at z = 2.5. random aperture photometry measurements. b Stellar mass and CO-based gas mass within the 1. ′′ 5 aperture. c The 5σ limit of 3 mm continuum-based gas mass within the 1. ′′ 5 aperture through the gas-to-dust ratio of 120. The range corresponds to the dust emissivity of κ 850 =0.4-1.5 g −1 cm 2 .
to q = 0.49 and PA mor = 35
• for U4-16795, and q = 1 for U4-16504. Figure 2 shows the observed visibility amplitudes and the best-fit models. The effective radii are R e = 1.9 ± 0.4 kpc for U4-16795 and R e = 2.3 ± 0.4 kpc for U4-16504, which are larger than those of the 870 µm continuum emission. This result naively suggests that the dust is more concentrated than the molecular gas, which is consistent with negative radial gradients in dustto-gas mass ratio seen in nearby star-forming galaxies (Magrini et al. 2011 ). On the other hand, galaxy centers tend to have higher dust temperatures compared to the outer region (Galametz et al. 2012) , making the dust mass size larger than the 870 µm size. High-resolution ALMA observations at high-frequency band (e.g., 450 µm) will allow us to determine the radial gradient in dust temperature (section 4.1) and identify if the apparent size difference originates in the dust properties or the intrinsic gradients of dust-to-gas mass ratio.
Molecular gas kinematics
We find that both massive galaxies observed here exhibit signatures of disk-like rotation in their CO velocity fields (Figure 1) . Assuming that the molecular gas is in rotating disks, we investigate the kinematic properties by fitting dynamical models to the data in the positionvelocity (PV) diagram along the kinematic major axis (Figure 3) . We use the DYSMAL code (Davies et al. 2011) to generate PV diagrams for an exponential disk, spatially convolved with a 0.
′′ 66×0. ′′ 55 Gaussian beam. We take into account the effect of pressure support, reducing the observed rotation velocity (e.g., Wuyts et al. 2016; Burkert et al. 2010) . The effective radii of the gas disks are fixed to those measured in Section 3.2. For U4-16795, we infer an inclination, i, from the axis ratio of the 870 µm dust continuum emission as sin 2 i = (1 − q 2 )/(1 − thickness 2 ) for symmetric oblate disks with an intrinsic thickness of 0.25 ). The inclination is log(1/ sin 2 i) = 1.11 ± 0.04 dex (corresponding to i = 64
• ). This uncertainty propagates to the dynamical mass estimate as M dyn ∝ 1/ sin 2 i. fective radius and the inclination are fixed, the remaining free parameters in the model are dynamical mass, M dyn , and local velocity dispersion, σ 0 . For U4-16504, we adopt the average of possible inclinations ( sin i = 0.79) in the case of isotropically oriented disks (see Appendix of Law et al. 2009 ). As the standard deviation is derived as ( (sin i− sin i ) 2 sin i di/ sin i di) 1/2 =0.22, we adopt the uncertainty of ∆ log(1/ sin 2 i) = ±0.09 dex. In the PV diagrams, we use the pixels with a flux above 3σ to calculate the chi-squared values between the data and the models. Figure 3 shows the best-fit models to minimize the chi-squared value along with the residual maps after subtracting the model from the data. The best fit models for the two galaxies have dynamical masses log(M dyn /M ⊙ ) = 11.10 +0.07 −0.06 for U4-16795 and log(M dyn /M ⊙ ) = 11.19 +0.12 −0.09 for U4-16504. These uncertainties are based on the reduced-chi squared values corresponding to a p-value above 5%. In the dynamical mass measurements, after taking into account the uncertainties of effective radius and inclination, our final uncertainties are +0.13 dex (-0.12 dex) for U4-16795 and +0.17 dex (-0.15 dex) for U4-16504.
We also derive the rotation velocity and local velocity dispersion from the best fit models. We find v max = 386 −31 km s −1 for U4-16504. We note that they have a larger local velocity dispersion than the mean value (σ 0 =50 km s −1 ) in a large sample of rotation-dominated galaxies at z ∼ 2 (Wisnioski et al. 2015) . This means that both dusty star-forming cores are rotation-dominated with the ratio of the maximum 
DUST AND GAS MASS ESTIMATES
4.1. Dust mass Rest-frame 850 µm continuum emission is a good indicator of dust mass, M dust . For galaxies at z ∼ 2, restframe 850 µm (3 mm in the observed frame) fluxes are often extrapolated from ∼1 mm fluxes using a modifiedblackbody radiation (MBB) model with dust temperature of T d =25 K and the dust emissivity, κ ∝ ν β , with an index of β = 1.8 (e.g., Scoville et al. 2016) as
where d L is the luminosity distance. Making 870 µm maps with the same synthesized beam as the 3 mm maps, we measure peak fluxes of S 870µm = 3.5 ± 0.1 mJy beam −1 for U4-16795 and S 870µm = 2.2 ± 0.1 mJy beam −1 for U4-16504. They correspond to 77% and 78% of the total flux within a 1.
′′ 5 aperture. Although the MBB models give the extrapolated 3 mm fluxes of S 3mm = 90 ± 3 µJy beam −1 for U4-16795 and S 3mm = 55 ± 3 µJy beam −1 for U4-16504, we do not detect the 3 mm continuum emission above 5σ significance.
Focusing on U4-16795, we evaluate the assumption of T d and β. We also use the ALMA 1.1 mm flux (S 1.1mm = 1.75 ± 0.07 mJy beam −1 ; Tadaki et al. 2015) . Figure 4 shows several MBB models with different dust temperature and emissivity index. The 5σ upper limit at 3 mm rejects the models with T d =25 K, suggesting a higher T d or a steeper β. MBB models with an emissivity 
Gas mass
We estimate the CO-based gas masses using two conversion factors, α CO = 4.36
(starburst value; Downes & Solomon 1998) . We then compare the gas masses derived with these two different conversion factors to the dynamical and stellar masses. The CO J = 3 − 2 emission line is assumed to be thermalized (Bolatto et al. 2015) . These mass measurements are summarized in Table 1 . If we adopt the Galactic conversion factor, the baryonic mass fraction, defined as f bar = (M * + M gas )/M dyn , exceeds unity. Monte Carlo simulations incorporating the uncertainties of gas, stellar and dynamical mass show that the probability of the baryonic mass fraction being less than one is 2.3% for U4-16795 and 17.1% for U4-16504. In the case of the starburst conversion factor, the probability is increased to 24.7% and 55.3%, respectively. We also independently constrain the gas mass from the 3 mm-based dust mass, assuming a gas-to-dust ratio of 120 (Wilson et al. 2008) . The 5σ upper limit is log(M gas,5σ /M ⊙ ) = 11 (Table 1 ). The two independent approaches suggest that the starburst conversion factor is appropriate in the compact dusty starforming region. Adopting the starburst conversion factor to derive the CO-based gas mass, we find the gas-todynamical mass fraction to be 15 +4 −5 % for U4-16795 and 12
+4
−5 % for U4-16504 and the gas depletion timescale to be M gas /SF R = 46 ± 11 Myr and 79 ± 46 Myr, respectively. When the uncertainties of the conversion factor are taken into consideration, those in the gas mass estimate become larger.
DISCUSSION AND SUMMARY
Using ALMA observations of CO J = 3 − 2 emission, we find that the compact molecular gas in the starforming cores of two massive galaxies is rapidly rotating. This has implications for both the formation and subsequent evolution of the cores of massive galaxies. The formation mechanism appears to be dissipative and the observed rotation indicates that at least some angular momentum is preserved in the star-forming molecular gas. Simulations show this could happen due to a gasrich merger or disk instabilities (e.g., Zolotov et al. 2015; Wellons et al. 2015) .
The two massive star-forming galaxies are both rotation-dominated with v/σ = 7.0 +2.5 −2.8 and v/σ = 4.1 +1.7 −1.5 . Kinematic studies of massive quiescent galaxies suggest they are rotating , although with lower v/σ than found here for their progenitors. Additionally, the descendants of these galaxies in the local universe are slow rotators with v/σ nearly an order of magnitude lower (Cappellari 2016) , suggesting that the galaxies we observe need to lose significant net angular momentum in the intervening time. Our results support a picture in which net angular momentum is initially reduced during the quenching process and further during a growth phase by dry mergers.
We find that the molecular gas of the two massive galaxies at z = 2.5 is compact with R e ∼ 2 kpc. Such a concentration of star-forming gas is consistent with a scenario in which a wet compaction events (radial transport of gas) could build the cores of massive galaxies (Zolotov et al. 2015) . The two galaxies host even more compact starbursts with a high SFR surface density as traced by the dust continuum emission, rapidly building up dense cores and transforming the galaxy morphology from disk-dominated to bulge-dominated (Tadaki et al. 2017) . If the gas mass in these galaxies is as low as our data suggest, we may be witnessing the end of the growth of these dense cores due to star formation.
Our independent measurements of dynamical, stellar, gas and dust mass suggest that the starburst CO-to-H 2 conversion factor is appropriate for the spatially resolved cores. These dense cores are likely to be formed in extreme environments like central regions of local ULIRGs. The same conclusion is obtained by recent [C i] observations of a star-forming galaxy in the similar mass and redshift range (Popping et al. 2017 ) and CO observations of starburst galaxies above the main-sequence (Sargent et al. 2014) . On the other hand, it is not clear yet that the starburst conversion factor is appropriate for entire galaxies. Tacconi et al. (2017) investigated the variations in molecular gas properties for 650 galaxies over 0 < z < 3 by compiling CO and dust continuum data and does not find the presence of such a large change in the conversion factor. A statistical study of the kinematics of the molecular gas is an essential next step for getting a consensus on this issue. However, high-spatial resolution CO observations suffer from missing flux and are more time-consuming compared to dust continuum observations. A combination of medium-resolution CO and high-resolution dust continuum observations is reasonable in terms of observing time and a powerful tool for characterizing the dynamical state of molecular gas in distant galaxies.
